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Large Scale Solution Assembly 
of Quantum Dot- Gold Nanorod 
Architectures with Plasmon 
Enhanced Fluorescence 
Dhriti Nepal. Lawrence F. Drummy, Sushmita Biswas. Kyoungweon Park. and Richard A. Vaia* 

Materials and Manufacturing Directorate, Air Force Research Laboratol}', Wright·Patte~on AFB, Ohio 45433·7702, United States 

ABSTRACT Tailoring the efficiency of fluorescent emission via 

plasmon- exciton coupling requires structure control on a nano­

meter length scale using a high-yield fabrication route not achiev· 

able with current lithographic techniques. These systems can be 

fabricated using a bottom-up approach if problems of colloidal 

stability and low yield can be addressed. We report progress on this 

pathway with the assembly of quantum dots (emitter) on gold 

nanorods (plasmonic units) with precisely controlled spacing, 

quantum dot/nanorod ratio, and long-term colloidal stability, which 

enables the purification and encapsulation of the assembled architecture in a protective silica shell. Overall, such controllability with nanometer precision 

allows one to synthesize stable, complex architectures at large volume in a rational and controllable manner. The assembled architectures demonstrate 

photoluminescent enhancement (5 x ) useful for applications ranging from biological sensing to advanced optical communication. 

KEYWORDS: gold nanorods ·quantum dots· plasmon-exciton ·controlled spacing · position ·directed assembly · large-scale 

C
ontrol of photon absorption and 

emission is at the core of many 
emerging photonic technologies, , _3 

ranging from SPASER,2 photovoltaics/ 
and sensors4 to single photon emitters for 

quantum encryptions·6 One approach to 

controlling the photophysics is chemical 

modification of the fluorophore (molecule 

or quantum dot) to adjust the energetics of 
its ground and excited states.7,s The crea­

t ion of large fluorophore libraries is a syn­
thetic challenge and limits tunability for 

many applications. An alternative approach 

is to modify the electromagnetic properties 

of the fluorophore by controlling its dielec­
tric environment (e.g., Purcell effect).9 This 

approach is becoming increasingly popular 

as methods to precisely control the relative 
position and orientation of active optical 

units at the nanoscale have become avail­

able.'0·11 Interfaces, 12 microcavities, 13 nano­
rods, 14- 18 nanospheres, 19- 25 gratings,26 

and photonic crystals2 7 have been used 

to engineer the radiative emission rate 

and quantum efficiency of fluorophores. 

NEPAL ET AL. 

Of these, fluorophore-metallic nanostruc­

tures are especially interesting because of 

the coupling of free space photons to col­

lective oscillations of conductive electrons. 

This plasmon- exciton coupling offers a 

variety of opportunities for tailoring the 

fluorophore emission, including emission 

enhancement,28 quenching,28 directed emis­

sion, 6 or modulation of the emission spectral 
profile' 6·'8•

29 via the right choice of materi­
als, architectures, and excitation energy. 

This tunability is opening new avenues for 

single molecule detection and imaging in 

biological and medical sciences,<.JO as well 

as solar energy harvesting and photonic 

plasmonic devices2
•
31 

Plasmons increase the spontaneous ra­
diative emission by modifying the density 

of electromagnetic states in the emitter 

environment (weakly coupled regime) 

or by forming an plasmon - exciton state 
(strongly coupled reg ime). In the weakly 

coupled regime (first demonstrated by 

Drexhage et a/.),32 the emission rate of the 

dipole field can be estimated with Fermi's 

• Address correspondence to 
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golden rule33 and relates to the dist<mce between the 

emitter and the metallic surface.34 When the emitter is 
in close proximity (<10 nm) to the metallic structure 
though, overlap of energy states and collinear align­

ment of transition d ipole moments results in strong 
coupling between the excited state of the absorber 

and surface plasmon modes. Nonradiative and rad iative 

decay rates inversely depend on absorber- plasmon 

separation, so the optimum architecture in the strongly 
coupled r~ime depends on the spacing, location and 

orientation of the two species, as well as their emission 

and absorpt ion wavelengths, resonance and nonreso­
nance excitation, lifetimes and quantum yields28.3l.3!>.36 

Experimental reports on these variables are incon­

sistent and range from fluorescent enhance­
ment'6,19,21,22.30.37 42 to quenching.' 4,15,1 7.20.21,24,2S.42.43 

For instance, Peng et a/. 21 recently reported a sys­

tematic study showing that maximum enhancement 
and strongest quenching occurred at gaps of 21.9 and 

2.8 nm, respectively, for spherical Au nanoparticle 

core surrounded by a shell of molecular dye, while 

Ku lakovich et a/. observed maximum enhancement 

with an 11 nm gap between CdSe QD and a AuNP 
colloidal fi lm.n Large nonspherical plasmonic parti­

cles, includ ing rods, triangles, and discrete clusters, are 

of current interest due to their larger scattering cross­

section and spatial focus of the ncar field of the 
localized SPR {LSPR).14•35.4' .44 Fabrication of such non­
centrosymmctric structures in solution remains a sub­

stant ia l challenge, where both photoluminescence 
enhancement18·37·39 . , and quenching15·17·18 have 

been reported. 
One of the grand challenges in this emerging field is 

understanding structure- performance relationships 

in the strongly coupled r~ime with limited availability 
of well-defined structures w ith requisite spacing 

(<10 nm}, position (relative orientation of dipoles), 

and interface (RMS roughness <0.2 nm). Since coupling 

depends very strongly on separation, control of the 

local structure beyond placing the plasmonic particle 

in a medium of emitters is crucial t o optimize efficiency 
by deconvoluting the different phenomenon that 

dominate at small and large separat ion. Electron beam 
lithography provides routes to complex two-dimen­
sion structures,6.45 but variability of gap size, surface 

roughness, and defect content are too high to system­

atically explore the strongly coupled regime. Colloidal 
approachcs46 4

!' have the promise to prepare pre­

cisely controlled three-d imensional structures w ith 
molecularly controllable gaps and geometries in scal­

able quantit ies if reproducibility and yield problems 

can be overcome. Solution assembly of spherical units 
via layer-by-layer deposition on particles,n42 direct 

chemica l coupl ing using molecular/biological 
linkers,'9•20 or sequential silica encapsulation'oi.JMOA3 

have shown impressive precision if the surface func­

tiona lization and colloidal stability throughout the 

NEPAL ET AL. 

assembly process can be optimized. Similar assembly 

w ith anisotropic nanoparticles, however, still remains a 
challenge, since location and o rientation of the fluor­

ophore in addition to gap size must be controlled while 

avoiding instability of the intermediates during the 
ligand exchange and assembly. Therefore additional 

methods are requ ired to produce anisot ropic emitter­
plasmon nanostructures so as to forward the und(~r­

standing of spacing, location, and dipole o rientation 
on coupled plasmon-exciton photophysics.''·35•

36
.44 

One critical factor limiting the high-yield low-variability 

assembly is systematic control of the various crystal 

facets of the initial nanoparticle, such as a gold nano­
rod (AuNR). While there has been substantial progress 

over the past decade in developing rec ipes for differ­

ent size and shape AuNRs,50·5' only recently has the 

underlying mechanism of growth been sufficiently 

understood to provide sufficient control of AuN R shape 
and surface structure to enable selection of facet 
react ivity for subsequent assembly.• 8·5 2 

Here we report a simple, fac ile, general process that 

addresses many synthetic challenges to provide con­
trolled organization of quantum dots (QD) on AuNRs. 

Control of the position, spacing and quantity of QDs 

per AuNR is achieved through anisotropic surface 

functionalization of the AuNR w ith organic molecules 

of increasing size. The number of QDs per AuNR was 
controlled by the extent of initial ligand exchange of 

the AuNR and the QD concentration. This process 

provides QD-AuNR nanostructures that are stable in 

aqueous solut ion and that can be encapsulated w ith 
silica. This allows for the isolat ion of QD-AuNR nano­

structures and the high-resolut ion characterization of 
their 3-dimensional structures and evaluation of the 

photophysics in solution and on surfaces. 

RESULTS AND DISCUSSION 

Figure 1 summarizes the general process for assem­

bly of QDs and surfactant stabilized AuNR. Specific 

procedures are detailed in the Methods section below. 
The most critical characteri stics are (1) the concentra­

tion of a stable suspension of purified AuNR where 
excess surfactant stabilizer has been reduced; (2) the 

use of a single solvent system for assembly, ligand 

exchange, surface functionalization, funct ional group 
conversion, and particle coupling; and (3} controlling 

the rate and order of reactant add ition at each step. 

These factors reflect that particle assembly is a kinetic 

process where we are not only trying to drive unifor­

mity from random collisions between particles, but 
also striving to control the evolv ing characteristics of 
particles, their surfaces, and reactant intermediates.4q 

We have found that successful dispersion of individual 

reactants (particles, ligands, etc.) is paramount to 
ensuring the uniformity of particle-particle coupling 

and ligand exchange, while sedimentation or other 

processes to concentrate particles lead to unwanted 

VOL./ • NO. 10 • 9064-90/~ • 2013 ~ 
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(I) 

Traut's 
Reagent 
NaOH 

QO-NH2 • 
> 

(Ill) 

Stober 
Process 

{IV) 

Figure 1. Schematic of directed assembly of QO-AuNR architectures in water. CTAB stabilized AuNR (I} was preferentially 
functionalized at the end with thiolated amine (II). Traut's reagent was used to convert the terminal amines of the QD and 
AuNR to drive assembly by dithiol coupling (Ill). The result ing aqueously stable structure was encapsulated in silica via the 
Stober process (IV). The schematics are not to scale. 

particle- particle interactions and undispersible aggre­
gates. Surface functionality is controlled by ligand 

exchange and depends on time as well as the relative 

concentration of surface modifiers and molar concen­

tration of nanoparticles.53 In addition, AuNR crystal 
facet chemistry evolves on a time scale of hours to 

days,52 so the reaction medium and feed rates of 
reactants, ligands, and particles can have substantial 

impact on the yield and structure of the final product. 

In a typical synthesis, single-crystalline AuNRs were 
made using the seed mediated growth process with a 
5 min seed aging time• 8•

49
•
52 On the basis of the AuNR 

growth mechanism, 5 2 this provides optimal control for 

ligand exchange. Water in contrast to organic solvents 

was chosen as the assembly medium since it affords 
two long-range stabilization motifs (electrostatic and 

steric), in addition to eliminating the need for particle 
transfer. After removal of spherical nanoparticle impu­

rities and excess GAB as outlined previously:8 the 

purified AuNRs (I) (length = SO ± 5 nm, width = 20 ± 
5 nm) was used w ithin 72 h for partial ligand exchange 
of GAB with aminoalkylthiols, such as 11-Amino-1-

undecanethiol hydrochloride (AUD. Here the amino 
functional alkythiol was chosen over other bifunctional 

ligands because of its good aqueous solubility and 

negligible effect on AuNR dispersion due to its com­
patibility with GAB. Additionally, the amino terminus 

provides a platform for a diverse array of simple and 
efficient chemical reactions (e.g., nucleophilic addi­

tion and substitution) in aqueous solution. Finally, 

Au-amine bonding is weaker than Au-thiol,54 leading 

to preferential orientation of the amine away from the 
surface. 

Site specificity of the ligand exchange is achieved by 
using freshly prepared AuNRs and adjusting GAB 

concentration (II). GAB forms a robust b ilayer on the 

AuNR surface, and its stability is influenced not only by 
AuNR facet and local curvature, but also by concentra­
tion of GAB and solution temperature_s2 For example, 

a AB forms a robust bilayer on the { 2 5 0} side facets of 

NEPAL ET AL. 

the rod, whereas the pyramidal end facets, which 
consist of {3 0 1} and {3 1 0} planes, are believed to 

frustrate GAB absorption and packing, 52 resulting in a 

less stable bilayer at the rod ends. GAB therefore 

preferentially desorbs from the ends versus the sides 
as GAB concentration is decreased toward its critical 

micelle concentration. Likewise, cosurfactants or other 
ligands are preferentially absorbed w ithin this weaker, 

less dense bilayer relative to the more stable sides. As a 

result, the added alkylthiols initially prefer the AuNR 
ends, resulting in an end-functionalized rod with an 

intact cationic stabilization on the sides.49 Thus, by 

controlling GAB concentration and reaction time 
(Supporting Information, S 1}, AUT functionalization 
can be achieved primarily at the AuNR ends (II) or all 

around the surface. For example, AuNRs with AUT 

preferentially at the ends were achieved at 0.03 M 
GAB and short ligand exchange time (30 min). In 

contrast, lower GAB concentration (0.005 M) and 
longer reaction time (> 1 h) resulted in uniform AUT 

functionality across the AuNRsurface. To tune QD-AuNR 

spacing, ligand exchange was performed with differ­
ent length aminoalkylthiols [6-amino-1-hexanethiol 
hydrochloride (AHD, 3-amino-1-propanethiol hydro­

chloride (APDJ. As the length of alkyl chain decreases, 

the steric hindrance of the chain decreases. As a result, 
stability of AuNR in the aqueous solution became very 

sensitive to GAB concentration and reaction time. 

Thus, the AHT and APT reaction were conducted 

with higher GAB concentration and lower reaction 
t ime. UV- vis spectra shows that the AuNRs remain 

well dispersed throughout the processes (Supporting 
Information, Figure S1). 

As noted above, amino functionality provides a 
flexible platform for subsequent conjugation in water. 

Particle- particle coupling can follow one of two stra­
tegies: (1) direct binding between two complementary 

surfaces (A- B); or (2) coupled binding of nonreactive 

surfaces by a complementary linker (A- B- B- A). Con­

ceptually, coupled binding provides more control due 

VOL. 7 • N0.10 • 9064-9074 • 2013 ~ 
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to the ability to separate particle bonding from the 
particle stability motif (steric and electrostatic), as 

demonstri!ted using DNA funct ionalized nanoparticles 

and linkers.55 We follow a variant of these strategies 
beginning with nonrei!ctive surfaces, i!nd selectively 

couple the linker to one particle before inducing 

particle- particle coupling by controlling the relative 
feed rat ios and molar concentration of the two parti­

cles. Specifically, the terminal amines on polyethylene 
glycol (PEG) stabilized QD (e-bioscience)56 are con­

verted to thiols through an excess of Traut 's reagent 

(2-iminothiolane HCI). Traut's reagent provides a sim­

ple, highly effic ient aqueous approach to link a mines 
through a disulfide bridge that is "orthogonal" to the 

residual cationic stabilization of the AuNRs. The QD to 

AuNR ratio is then simply controlled by the slow 
addition of predetermined amount of QD- Traut solu­
tion to the AuNR solution (II) ((QD)/[AuNR) ~ 0.1 - 1 2.5). 

Excess Tri!ut's rei!gent present in the QD solution is 

sufficient to spontaneously convert amine to thiol on 
the AuNR surface and afford disulfide bond formation 
via oxidat ion of sulfhydryl groups between QD and 

AuNR, resulting in the assembly QD,/AuNR (Ill) nano­
structures, where n refers to number of QD attached on 

a single AuNR. The formation of the assembly is con­

firmed by dynamic light scattering, which shows an 
increase in hydrodynamic size (Supporting Information, 

Figure 52}. We note that direct AuNR coupling 
({AuNR} -5-S-{AuNR}) was rarely observed under 

these reaction conditions. This is most likely due to 
several factors, including strong electrostatic stabiliza· 
tion ofthe cationic, a AS-stabilized AuNRs, steric factors 

(slower translational diffusivity of bulky AuNR relative 
to substnntinlly smnller QDs), low number density of 

AuN Rs ( < 1 n M), and relatively low molar concentmtion 
of the Traut's reagent (1 mM). For example, if surface 

a mines of the QD and AuNR are initially converted into 
thiols, substantial aggregation occurs upon mixing, 

especially self-aggregation of the AuNR. 

The QD·AuNR nanostructures are stable in water, 
providing for storage, processing or additional chemi­

ca l functionalization, including encapsulation with sili· 
ca via the Stober process (IV). The stability and low 

reactivity of these encapsulated nanostructures allows 
fo r broader applicat ionss 7 in aggressive environments 
such as high temperature,49 or intense laser irradia­

tion.58 In addition, the order of particle addition results 

in a very small amount of unbound (free) QD: less than 

2% for optimizo~d conditions. This assembly efficio~ncy 

negates subsequent purification to remove unbound 
QD. We note that the colloidal stability depends on the 

length of the linker and the extent of QD coupling. For 
example, solutions of AuNRs with AUT end-linked QDs 

are stable in waterfor more than 2 weeks, while AuNRs 

fully surrounded by AUT linked QDs begin to settle in 
less than 2 days. This is likely due to the inability of the 

short PEG grafts on the QDs to provide sufficient steric 

NEPAL ET AL. 

stabilization to counter the reduced electrostatic sta­

bilization resulting from less GAB. 
By employing these methodologies, Figure 2 de­

monstrates the ability to control the spacing, location 
and relative number of QD surrounding the AuNR 
by changing the length of the alkylthiol ligand [AUT 

(1 1 alkyl chain) and AHT (6 alkyl chain)) . Figure 2a- j 
qualitatively shows that the longer AUT (end-to-end 
size ~1.6 nm) provides a larger spacing than AHT (end­

to-end size ~0.9 nm). Accurate, quantitat ive measure­

ments of the gap need to take into account the factors 
that can affect sample preparation, including dehydra­

t ion of the organic spacer, electron beam damage, 
drying effects on the QD arrangement, and the t\vo· 

dimensional nature of microscopy projections of the 
three-dimensional distribution of QD around the 

AuNR. This is illustrated in Figure 3, which compi!res 
brightfield,scanningTEM (STEM), and 3D tomographic 

reconstruction of QD,/AuNR. The two-dimensional 

project ion does not reveal QDs bound to the top 

(and bottom) of the rod with a long axis in the image 
plane. Electron tomography of bare QDn/AuNR {Sup­

porting Information, Figure 51 2) show~~d prdcrcnt ial 
arrangement of the QDs against the TEM grid, reflect­

ing drying distortion and leading to abnormally large 

QD-AuNR spacings. In contrast, electron tomography 
of silica encapsulated assembles (discussed below) 

shows that the spacing between the AuNR and QD 

are 2.5 ± 1 .o nm and 1.8 ± 0.2 nm for AUT and AHT, 

respective ly. The ext inction spectra of solutions of 
encapsulated and unencapsulated assemblies (Sup· 

porting Informat ion, Figure 510) were identical when 
the predicted 50 nm shift of the longitudinaiLSPR due 
to the chnnge in local refractive index is taken into 

account.59 This demonstrates that silica encapsulation 

does not substantially disrupt the local structure of the 
QD-AuNR assembly. Taken together th~~se data show 

that the uniform organic separat ion distance is due to 
the difference in chain length for AUT {1 1 alkyl chain) 

and AHT (6 alkyl chain). 

The select ive attachment of the QD to the AuNR 
ends can be achieved by using short time amino 
funct ionalization of AuNR suspensions with low GAB 

concentration. Figure 2a.f shows QD at AuNR ends with 
spacer AUT and AHT, respectively, for assemblies pre· 

pared using equimolar concentrations of QD and 
AuNR. In a typical reaction with 0.2 nM QD added to 

a 0.2 nM solution of AUT functionalized AuNR product, 
we found a yield of AuNR bound with QD of 75%. 
Figure 2k shows a typica l distribut ion {blue dots, the 

line for clarity only) of QD,/AuNR from the product 

after analyzing >750 structures from TEM (Supporting 
Information, Figure 54). Among the assembled pro­

ducts we found 70% were QD1/ AuN R,-20% were QD/ 

AuNR,and the remaining structures were QD3 ~AuNR. 

Figure 2b and 2g <:~ re typical examples of QD;>/AuNR 

with the spacer of AUT and AHT, respectively. 

VOL. 7 • NO. lO • 9064 9074 • 2013 ~ 
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Cll 
u 
1'0 
Q. 
II) 

QDn/AuNR 
1-5 6-10 11-15 16-20 >20 

~ 60 
c 
~ 
"' 40 ..Q 

·~ u; 
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k 

2 3 >4 
QDn/AuNR 

Figure 2. Structural control of QD-AuNR assembly in aqueous solution. TEM images (scale bar= 25 nm) showing control of 
spacing, position and QDn/AuNR (n is tne number of QD per AuNR). Spacing length is controlled by changing ligand length 
[AUT (a-e), AHT (f-j)). Ligand position and QDn/AuNR is controlled by incrementing QD concentration from 0.2 (a,b,f,g), 
0.5 {c,h), 1.5 (d,i), 2.5 nM (e,j) at 0.2 nM AuNR concentration. {k) Distribution of QDn/AuNR in the reaction solution with 0.2 nM 
QD (blue) and 2.5 nM QD (red) (tne lines for clarity only). (I) Picture of vials containing aqueous solutions of (i) AuNR (0.7 nM), 
(ii) QDn/AuNR (product from 0.7 nM AuNR and 1.4 nM QD), and {iii) QD (1.4 nM). 

Control over the number of QD surrounding the 

AuNR, QD,/AuNR is achieved by increasing the stoi­
chiometric ratio of amino functionalized QD to AuNR 

(Ill) to provide more anchoring sites by increasing the 

f raction of aminoalkylthiol ligand exchange on the 

AuNR. For example Figure 2c- e and 2h- j show pro­
duct from 0.2 nM AuNRs modified by ligand exchange 

with AUT and AHT, respectively, and QD solutions with 
increasing concentrations (0.5, 1.5, and 2.5 nM) (more 

images in Supporting Information, Figures SS- 58). 

These experiments show that increasing QD concen­

tration directly influences the QD-AuNR architectures. 
Figure 2c and 2h are the typical products obtained 

f rom 0.5 nM QD concentration for spacer AUT and AHT, 
respectively. At 1.5 nM, the AuNR is completely sur­

rounded by the QD (Figure 2d,i). At 2.5 nM, the QD 

concentration is sufficiently in excess that a double 

layer (Figure 2e and 2j) forms, most likely because of 
sulfydryl coupling between QDs. As expected, the 

distribution of structure types is broader for the higher 
QD concentration. For example, the distribution of 

QD,,/AuNR in the product from 2.5 nM QD and AUT 
AuNR are shown in Figure 2k (red dots, the line 

for clarity only). Here ~1 So/o of the product were 

NEPAL ET AL. 

QD<1ofAuNR, ~6So/o were QD10_ 20/AuNR, and ~1 0o/o 

were QD, 2ofAuNR. This distribution can be improved 
through optimization of assembly conditions (time, 

temperature, concentration, feed ratio, and stirring) 

and uniformity of partially ligand-exchanged AuNR 
(surface facet, shape, and size). Overall, these results 

emphasize the necessity to understand, and balance 

the various exchange rates (ligands and surface 
reconstructions), collision rates (particle size and 

concentrat ion), and chemical kinetics (linker binding), 
to control the assembly (Figure 1). Despite this appar­

ent complexity, the overall yield of the QD assembled 
AuNR product even at high QD to AuNR ratios is close 

to 98%; that is, only ~2% of the QDs are not attached to 
AuNRs. This is significantly important in terms of the 

materials purity in a stable aqueous solution since 

removing such a tiny unreacted QD using a common 
purification process is not straightforward.60 An addi­

t ional benefit of our method (Figure 1) is that it can 

be easily scaled up to fabricate products at the gram 
scale in solution. A picture of a vial containing S ml of 

aqueous solution of QD,!AuNR nanostructures (product 

from 0.7 nM AuNR and 1.4 nM QD) is shown in Figure 21. 
The product color (ii) (dark green) is similar to that of the 
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Figure 3. Morphological characterization of QD.,/AuNR architecture by high resolution TEM before and after silica 
encapsulation. (a) A bright field image of a typical individual QD.,/AuNR architecture showing overall morphology and (b) 
selected area magnified image of the architecture showing the organic space between AuNR and QD. (c) A typical silica 
encapsulated QDnfAuNR architecture using HR·TEM (Bright Field), and (d) its corresponding reconstructed image from MBIR, 
showing three-dimensional arrangement of the QOs around the AuNR. (e-i) Elemental mapping from STEM image of silica 
coated QD·AuNR architecture (e)(scale bar for all images= 20 nm), and its corresponding mapping images of (f) Au (lu 1.01 keV), 
(g) Cd (Lp 3.53 keV), (h) Au (lu) + Cd (l.p), and (I) Sl (~ 1.83 keV). 

pristine AuNR (i), while quantum dots at an equivalent 
concentration is colorless (iii). The nanostructures are 

highly stable with no visible precipitation of QD,/AuNR 

for more than two weeks at room temperature. 

Figure 3 shows additional analytical characterization 

of the bare and silica encapsulated QD,JAuNR assem­
blies via AUT spacer. High magnification bright fi eld 

TEM images (Figure 3a and 3b) show a high resolution 

view oft he assembly. Lattice fringes of both the AuNRs 

and QDs are more visible in expanded images 
(Supporting Information, Figure S9), and in some in­

stances, the core - shell structure of the CdSe/ZnS 

(darker/ lighter) QD can also be observed. The images 
consistently show amorphous material in the gap 

between the AuNR and QD (Figure 3b), consistent with 

the organic spacer being a combination of alkylthiol, 

residual GAB and the aminated PEG56 stabilization 
shell surrounding the QD. Figure 3c shows a typical 

silica encapsulated QD,/ AuNR nanostructures for 

NEPAL ET AL. 

comparison. Because of the excellent aqueous stability 

of the QD-AuNR assembly, the Stober process simply 
encapsulates the entire assembly, resulting in a silica 

particle with a single AuNR core that is surrounded by 

individual QD (additional images in Supporting Infor­

mation, Figure SlO). High angle annular dark field­
scanning transmission electron microscopy (HAADF· 

STEM) tomography improves the contrast between 

QD, silica and AuNR and allows for chemical mapping 
using X-ray energy dispersive spectroscopy (XEDS). 

This enables direct reconstruction of the internal struc· 

ture of the assembly and hybrid particle and allows for 

the detailed analysis of the 3D morphology at sub­
nanometer resolution.6 1 The model based iterative 
reconstruction (MBIR) technique is used to reconstruct 

(HAADF-STEM) tomography data,6 2 and Figure 3d is a 
snapshot of a 3D rendering of the tomographic recon· 
struction of a same region. The reconstructed image is 

portrayed at slightly tilted angle compare to the 
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Figure 4. Photophysical properties of QD.,/AuNR in aqueous solution and on glass surface. (a) Photoluminescence spectra of 
aqueous solutions of equimolar QD concentration (0.4 nM): QDn/AuNR (n = 3 ± 1, in which >50% of QD are at AuNR ends) 
(Red); its silica encapsulated product (Black); base mixture of QD (0.4 nM) and AuNR (0.2 nM) in the absence of AUT spacer 
(Gray); and control QD (absence of AuNR) (Blue). (b) A combination of 20 and 30 counter plot of PL spectra of QD.,/AuNR 
acquired at different excitation wavelength from aqueous solution showing an emission maximum at 650 nm. Bottom images 
are obtained from dark field hyperspectral imaging microscope using dual imaging modalities of QD.,/AuNR architectures 
spread between two g lass coverslips. (c) Dark field scattering (570 nm excitation). (d) Fluorescence emission (570 nm 
excitation; fluorescence collected at 610 nm with long pass filter). (e) Merged image of (c) and (dl showing overlap of signals 
confirming the sample purity. The scale bars are 10 pm. 

reference to visualize the d istinct gap as well as the 
organization of QD on the AuNR surface. The corre­

sponding STEM, snapshots of different tilt angles 
of reconstructed images (Supporting Information, 

Figures S11 - S13), and its video are in the Supporting 

Information. STEM-derived elemental mapping of the 

silica encapsulated structure in Figure 3e is shown in 
Figures 3f - i, which shows clear correlation of composition 
to structure: (f) Au (La. 1.01 keV), (g) Cd (Ljj 353 keV), (h) Au 

(lo) + Cd (Lpl, and (i) Si (K,s 1.83 keV). Other elements 
present in the structure such as zinc and sulfur were also 
clearly mapped (Supporting Information, Figure 514). 

The availabi lity of milliliters of solution from the 
large-scale fabrication of QD,,I AuNR architectures 

(Figure 21) penn its macroscopic examination of ensemble­

averaged photophysical processes, such as p lasmon­
exciton coupling. As an example of the emission 

characteristics of the assemblies, Figure 4a compares 

the photoluminescence (PL) spectra from various con­

trol solutions with equimolar concentration of QD 

(0.4 nM) relative to a QDn/AuNR assembly w ith n = 
3 ± 1 and >SO% of the QDs attached at the AuNR ends 

with AUT. This architecture was obtained by reacting 

0.4 nM CdSe/ZnS QD (emission wavelength, 650 nm) 
w ith 0.2 nM of AuNR (LSPR peak ~650 nm). For 
excitation (470 nm) that is nonresonant to the LSPR 
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(650 nm), the photoluminescence from bare and silica 

encapulsated QD,/AuNR is approximately 5-times 

greater than from an equimolar QD solution. QD solu­
tion (0.4 nM) in the presence of unbound AuNR (0.2 

nM) showed slightly less emission than the control QD 

solution, because of the large d istribution of separation 

d istance between QD and AuNR in the random mixture. 
This random mixture includes a fraction of particles with 

large separation, no emission enhancement, and lack 

of coupling, as well as a fraction of aggregated particles 
with no separation, which leads to emission quenching. 

These observations corroborate previous studies and 

emphasize the criticality of optimizing the d istance 
between all the emitters and the plasmon surface.15 

Note that no significant change in photoluminescence 

spectrum of the QD,,I AuNR assembly was observed after 
silica encapsulation. This is also similar to some prior 

reports6 3 The extent of nonradiative process within a QD 

depends on the band gap of its local surrounding. None 

of the processes used during assembly will replace the 
robust organic shell (PEG derivative) that initially stabi­

lizes the CdSe/ZnS QDs. Thus the "baseline" QD and 

assembled QDs have similar organic shells surrounding 
the outer ZnS shell (3.9 eV), which initially provides 
relatively good carrier confinement. The slightly reduced 

intensity of the silica encapsulated product relative to the 
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nonencapsulated produ't is attributed to an estimated 

10% uncertainty in concentration and composition of 
QD-AuNR architectures. This was evaluated on the basis 
of 3 independent reactions where concentration varia­

tion due to inherent limitations of solution measurement 
(pi petting) and minor variation in purity and concentra­

tion of the initial AuN R.s was determined to be the major 
factors. Additionally, background scattering increased 

with silica shell growth, further challenging highly 

quantitative comparison of raw measurements.63 

A complete excitation-emission mapping of the 

QDn/AuNR. is shown in Figure 4b. Here the emission 

spectrum was collected from 600 to 700 nm from a 
nonresonant excitation (350-550 nm) with respect to 

LSPR of the AuNR (650 nm}. The 20 projection at the 

top of the graph shows the highest emission enhance­

ment f rom 425 to 500 nm with no spectral modulat ion. 
This is consistent with prior reports on nonresonance 
excitation of other dipole-plasmon couples.2~·25 Note 

that in the case of excitation resonant with the LSPR, 

the spectral profiles have been shown to be modulated 
because of plasmonic emission.'8 

Figure 4c shows dark field hyper-spectral scattering 

images of a drop dried solut ion on glass using 570 nm 

excitation. Each green dot corresponds to scatter­

ing f rom AuNRs. Fluorescence from the same region 
(Figure 4d} (excitation at 570 nm, emission at 650 nm) 

confirms the presence of QDs, since AuNRs do not 

fluorescence under these condit ions. The overlap of 

the two images (figure 4e) corroborates the ass em bled 
architecture, and confirms the solution purity and 
shows that a very small fraction of unbound QDs are 
present. In general, we observe enhancements be­
tween 2.5 and 5 t imes, where the higher enhance­

ments correspond to systems where extra care was 
used to remove small Au nanoparticle clusters and 
unreacted seeds ( <5 nm}. These small Au clusters are 
known to quench PL.20 Overall, these enhancements, 

which are averaged over the ensemble, are greater 

than prior reports (1.5 x ) of comparable architectures 
(QD-AuNR. with silica spacer}40 and approach 65% of 

values estimated from theory for nonresonance ex­
citation.36 This QD,/AuNR. architecture demonstrates 

that the assembly approach provides sufficient control 
to observe PL enhancement from QD-plasmonic nano­

particlc stru,turcs with sub 5 nm spacings. With this 

foundation to create and measure PL enhancement, 
future studies can provide experimental data with respect 

to spacing, orientation, and number of emitters to compli­

ment current modeling and theory, which arc taking 
into account the additional quantum and dipole-dipole 
couple effects that occur at theS(~ ultrasmall spacings. 

CONCLUSION 

In summary, we have demonstrated a flexible and 
facile solution methodology for fabricating large quan­
tities of highly stable, defined QD0 /AuNR architectures 
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using common organic compounds. Using covalent 

coupling in aqueous solution, a variety of QDn/AuNR 
architectures was prepared with control of the relative 
location and nanoscale spacing that parallel prior 
reports using biomacromolecules. These 

factors can be independently tuned by the choice of 

molecular spacer, concentration, ligand exchange 
t ime, and the QD stoichiometric feed ratio. The tech­

nique enables large-scale fabricati on due to the high 

yield of the QD-AuNR conjugation (98'Yo QD bound to 
AuNR} and its long-term aqueous stability {days to 

weeks). The stability also affords substantial flexibility 

for further processing; includ ing encapsulation of the 

complexes by silica to improve their environmental 
stability for applications with extreme environmental 

demands (e.g., high temperature, large fluence and 

chemicals}. Additionally, the encapsulation provides 
a route to overcome sample preparation artifacts 
and enable nanoscale quantification of the three­

dimensional structure using high resolution TEM. 

Because of the precision in positioning the QD at the 
AuNR t ip, PL was enhanced -~5 times for a solution 

ensemble. This enhancement is approaching 65% of the 
value estimated from theory for nonresonant excitation.l6 

Overall, these simple and highly efficient techniques 

are illustrative of emerging routes for bottom-up col­

loidal concepts to challenge traditional lithographic 
approaches for fabri cat ing plasmon-enhanced photo­

nics. Substantial challenges though st ill remain to 

further narrow the distribution of spacing, composition 
(location, QD/AuNR rat io) and three-d imensional struc­

ture. We believe th is refinement will be possible with 

additional understanding of a few factors. Improved 
insight on the relation between the local structure and 

composition of the surface stabilization layers and 
crystal facets of the nanounits will enable more pre­
cise site-specific ligand exchange. The underlying 

Brownian dynamics, entropic factors, and randomness 

of particle-particle collisions will ultimately limit the 

struct ural variability of the assembled architectures 

though, and thus postassembly refinement techniques 
will most likely be required. Purification techniques in 
the mode of those used in organic chemistry, as shown 

herein, w ill also be required to meet the established 
standards for lithographic-derived devices. Finally, re­

fined plasmon- exciton design criteria w ill require 
direct quantitative comparisons between theory, en­

semble, and single particle performance. For example, 
higher Purcell factor and further enhanced emission of 

QD,/AuNR assemblies arc excepted with additional 
system optimization,l4.43 including the use of AuNRs 
with high~~r scatt~~ring cross-s(~ction (i.e., larger AuNR 

volume), QDs with emission on the low energy side of 
the LSPR (i.e., Stokes shift increases apparent quantum 

yield) and excitation resonant to the LSPR to increase 

rad iat ive decay. Alternatively, such design optimiza­
tion would also enable modulation of the emission 
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profile16
•
18

.2
9 or emission that can be steered using 

polarized light.~8 In general, the single phase solution 

assembly with low cost ligands provides a framework 

to achieve the request design flexibility. As such, 

large-scale and high yield assembly of well-<fefined 

METHODS 

Mattrials. Hexadecyflrimethylammonium bromide (CTAS) 

(98%), bcnzyfdimelhylhelGldecylarnmonium chloride hydl'ilte 
(BDAQ (98%), and l -ascorb·c acid were purchased from rokyo 
Chemical tndustry. Chloroaurlc acid (HAuCt,) (99.999%) and 

sodium borohydride (NaBH.1) (>95%), 11 amino 1 undccanethiol 
hydrochloride (Aun (99%),6-amlno-1-hexanethiol hydrochlorid e 
(AHT), 3-amino+pmpanethlol hydrochloride (APn, (3-

mcrcaptopropyl) t ricthoxysllanc (MP I LS) (>80%), and sodium 
hydroxide (NaOH) (>98%) were purchased from Sigma-Aldrich. 
Silver nitrate (AgNO,) (clcarophor<'sis gr.ldc) was p urchased 
from ACROS. All chemicals were used as received witho ut further 

purnication. Deionized water (18.2 MS2), obtained t rom Milfi Q 
water purification system was used 1n all the experiments. Amine 
funeliona&zed core-shell CdSe/ZnS quantum dots (.t.,.,...., -
650 nm) in aqueous solut ion were purchased from eB'.oscicncc, 
Inc., San Diego, CA, and used as received Traut's reagent 
(2~minothiolane HO) was obtained from Thenno Scientific and 

used as received. Glass slides (S1gma Aldrich) and immersion oil 
(CytoVIVa IlK) were also used as received. 

Gold NanO<od s,ntt.tsi<. AuNRs were synthesiLed by the seed­

mediated growth process in CTAB solutions in the presence of 
AgNO,, as reported prev iously."".<\'-'> I o ensure reproducibility 
of the subsequent steps, w e set the temperature at 25 •c for all 

reactions. The growth so lut ion w as prepared by mixing HAuCI, 

(0.5 ml, 0.1 M), AgNO, (0.08 ml, 0.1 M), and CTAB {100 ml, 
0.1 M) followed by addition of the ascorbic acid solut ion 
(0.55 ml, 0.1 M) as a mild reducing agent. The seed solution 

was prepared by d issolving HAu(l 4 (0.025 mi., 0.1 M) in an 
aqueous solution of CTAB (10 mL, 0.1 M). The b right yellow 

transparen t solution was stirred for 1 h. A freshly prepared, ice­
cold NaBH, solution (0.6 mi., 0.0 I M) was then added into the 

mixture under vigorous stirring. After 5 min, 0.1 mL of this seed 
solutio n was added into thP previously prepared growth solu­

t ion and shaken lor 5 min. The color of the reaction solution 

slowly changed from clear to violet and linally green (lor aspect 
ratio 2.5), ind icating the growth of AuNR. I he as-made AuNR 
solution (orthe solution of in teres t)was kept in an Erlenmeyer 

lla.sk at 25 •c to-r 15 h. The solut ion was then centrifuged at 

7500 rpm for 1 h, and the brownish Qrccn residue (from 
bottom) (in ~10% of supernatant) was ca refu lly collected, 
leaving behind a pink residue on the tube sid ewalls. The green 

solut ion (with some supernatant) from the collected residue 
was centrifuged again at 10000 rpm for 10 min. The super­

natant was carefully dis.-.arded, and the bouom residue was 

s'owly di.ssolved in 0.1 M crAB solution, vortexed tor 1 min, and 
kept at room temperature for 1 h. Wefoundthatthis 1 h storage 
helped to restore CTAB bilayer on AuNR surface, otherwise 

repeated ce·ntrifuga tion leads to AuNR precipitation. The same 
process was repeated three t1mes to ensure the removal o t small 
unreacted gold seed (<3 nm) from the supernatant Concen­
trdt ions ol the AuNR were l'<lk:ulated using e - 1.425 x 1 o• 
M-1 cm-',c= 1.326 x 109 M- 1 em- ', c= 1.046 x 109 M- 1 em-', 

and c =0.9'27 x 109 M 1 em 1 for aspect ratio of2.51, 2.44, 2.21, 
and 2.0, respectively, as reponed on prev ious methods.••.-w 

Amino functiOtlalization of Gold NanO<Od (Ends and Sidu). AuNR 
aqueous solutions (0.2 1.0 nM) were prepared from purified 

stock solution (<72 h of aqing), which was adjusted to contain 
0.005-0.03 M CTAB concentration. 0.7 mg of AUT (0.58 mM) 
was added into the solution, and the mixture was homogenized 
via vonexing ar 2000 rpm for 1 min and kept at room tempera­

ture. To ensure the AuNR stability throoghout the reaction, 
UV-vis spectra was monitored Typically for preferential end 
lunctionaliLarion of AuNR with AUT, 0.03 M CTAB with 30 min ol 
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QD,/AuNR archit ectures in aqueous solution opens 

up new possibili t ies for practical appl ications i nclud­

ing displays, solar cells, sensors, single photon 

sources, b iomedici! l devices, i!nd advanced optical 

communication devices. 

react•on was used Similarly, for AUrfunctionalizat>an all around 
lhe AuNR surface, reaction was conduc1ed a1 0.005 M CTAB lor 
1 h. However, while using shorter alkylthiol linkers, AuNR was 

less stable during the reaction under the same condit ion. For 
AHT lunc:tioMiiLltion all around AuNR, the reaction was per 
formed for 1 h at 0.03 M CrAB concentration. Similarly, to 

achieve APT spacer between AuNR an d 0 0, 0.03 M CTAB was 
used w ith 5 min of reaction. The short t ime and high CTAB 

concentration were chosen to ensure the stability of AuNRs 
throughout the reaelion. 

Thiolation of QO, AuNR, and Dithiol Coupling. A 1 mM solut ion of 
Traut's reagent was prepared fresh in pH 9.8 water (NaOH). 

Amine functionalizcd QD (1 0 f.lM, stock aqueous solution) was 

added into the solution in order to achieve 1:1 to 1:12.5 ratio of 
AuNR:QO (typical ly 02-2.5 nM QD concentration) into tne final 

solution. The solution was vonexed lor 1 min and kept at room 
temperature for 15 min. lmmediately after that, the solution of 

amino funct1onalized AuNRs was added into lhe react•on and 
vortexed for another 2 min. To ensure the 00 arrach ment only 

at the ends o f AuNR 0.2 nM of AlJT end functionali•f'd AuNR 
(0.03 M CTA8 with 30 min of reactio-n) was used with 0.2 nM of 

Traut lunctionalized QD. Sim ilarly to ensure QD all around of 

AuNR. AU I functionalized all-around AuNR (0.005 M C I AB for 1 h) 
was used w ith higher 0 0 (Trdul funr.tional iLed) wncenrration. 

Sllka EnCl1psulation. Si lica coating was done by a modified 
Stober te.-.hnique following a protocol established tor AuNR 
encapsulation ... ·•• I ypically, 4.2 mM concentration of MP r t:S 
was prepared in 1 mL ethanol. On a freshly prepared QD,/AuNR 
(2 mL), 50 f.lL ot 0.1 NaOH w as added to adjust the solution to 
pll 10. tmmed ately, under rigorous vortexing. the MPILS in 

ethanol was added dropwise and stirred for 36 h at room 
temperature. After the reactio n, the product was punfled by 
centri fugation for 1 S min all S OOOrpm, and the residue was dis­
solved in ethanol. The samples were drop dried on TEM grid tor, 

imag.ng and UV-vis was monitored in ethanol/water Mixture. 
ChJracterization. Optical Characterization. W vis NIR spec 

rra were acquired with a Cary 5000 UV-vis-NIR spectrophoto­
meter to monitor the progress olthe react ion and the stability ol 

the product ii'l situ. l'hotoluminescenc,e speclrd were recon:led 
using a luminescence spectrometer (.JYI Io riba, rluorolog 3) w ith 

a cooled CCO detector and a xenon lamp excitation source with 

excitation from 350 to 550 nm and emis~ion from 600 to 700 nm 
at an integl'iltion time of 0.2 sand an excitation and emission slit 

w idth of 2 nm. For PL measurement, control QO solution was 

prepared by adding equimolar concentrallon of C IAO and 

I raufs reagent, Similar to that was used in the assembly of 
00,/AuNR. Oar1< fteld scattering images were captured w ith an 

upright nuorescence microscope (8X41, Olympus) equipped 
with a commercially available dark field condenser (N./1. 
0.7 l .:S, CyroVlva, Inc., USII). A hollow cone of light (halogen 

lamp) was focused by the dark-field condenser, and only the 
light scattered by AuNR could be coiiPCted by a IOOx oil 

immersion obj ective. Therefore, under the dark-field mode, 
the background is black and the Au NR appea rs as bright spots. 

When the halogen lamp is off and the mercury lamp Is on w ith 

green 610 long-pass fillers (with fwhm 25 nm) in pla(e, the 

imaging mode is switched to the nuorescence mode (excitat ion 
at 570 nm, emission at 610 nm). An CCD coupled on the top of 
the microscope was used to record the scattering and tluores 

cence images independently. Data were processed using Image 
J software (National Institutes of Health, Bethesda, MD). 

Electron Microscopy. Morphology and mean size ol nano 

part ides were determined by Philips G'lo\200 LaB61tM at 200 kV. 
Electron tomography was per1onned on a C,-correaed FEJ Titan 
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transmission elec.tron m icroscope operating at 300 kV in scan­
ning t ransmission electron microscopy {STEM) mode with spot 
size 6, gun lens 1, and a convergence angle of 9.6 mrad. To form 
the images, s<:anered ele(.trons were (.ollected using a Fischione 
high angle annular dark field {HAADF) detector at a camera 
length of 105 mm, with an inner detector angle of 60 mrad and 
an outer deteCior angle of 300 mrad. The annular detector is 
placed at a high enough angle such that the contribution from 
Rutherford scattering is maximized and diffraction contrast is 
minimized w hile adequate signal is maintained. Toll series were 
collected over a range of -65 to +65 degrees, w ith a 2 degree 
til t increment. Cross c.orrelal ion alignment was perfonn ed Lo 
su bpixel accuracy after acquisit ion. Model Based Iterative 
Reconstruction {M61R, www.OpenMBIR.org) was used for recon­
struction o f the aligned da1a6 1 X-ray energy dispersive spec­
troscopy (XEDS) was done in STEM mode w ith a sample tilt of 
15 degrees and an EDAX detector. Elemental maps based on 
in lensily of the various XED$ lines were genera led using the F El 
TIA software package. K, L,and M refer to the core electron band 
from wh ich an electron was ejected because of the incident 
eleclron, and I he subscrip ts o. and f3 indicate which band Lhe 
eleCLron filling the hole came from ( 1 band above for n, and 
2 bands above for /3). 
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